It has been widely known that lipid hydroperoxidation has a pathogenic effect for atherosclerosis, 1,2 and possibly contributes to both cancer and aging. [3] [4] [5] [6] [7] The oxidation of lipids proceeds via a free-radical chain mechanism. Singlet O2 is one of the reactive species for initiating the above oxidation process, and lipid hydroperoxides are believed to be produced as primary oxidative products. The hydroperoxidation of unsaturated fatty acids has also been reported to produce regioisomeric hydroperoxides by photosensitized singlet O2 oxidation or autooxidation. [8] [9] [10] [11] Kritharides et al. showed the initial formation of lipid hydroperoxides by the oxidation of low-density lipoprotein (LDL) using HPLC analysis. 12 It is considered that the three lipid groups (cholesteryl esters, triglycelides and phospholipids) are to be oxidized in biological fluids. Several sensitive methods for detecting and identifying the hydroperoxides of three lipid groups have been reported. [13] [14] [15] [16] [17] [18] However, the formation of regioisomeric hydroperoxides from each of the above-mentioned lipid group and their prosperity and decay has not yet been sufficiently clarified. To understand the lipid oxidation mechanism in tissue or blood, it would be desirable to clarify the possible regioisomers of each oxidized lipid group. The purpose of this work was to clarify the components of hydroperoxides produced from cholesteryl oleate (C18-1), cholesteryl linoleate (C18-2) and cholesteryl linolenate (C18-3) by photosensitized peroxidation.
Synthesis of cholesteryl esters
The fatty acid cholesteryl esters were synthesized by the reported method 19 as follows; dicyclohexylcarbodiimide (12 mmol) was added portionwise to an ice-cooled stirred solution of cholesterol (10 mmol), fatty acid (10 mmol) and dimethylaminopyridine (20 mg) in dichloromethane (50 mL). The mixture was stirred for 30 min at 0˚C and then maintained to stir for 24 h at room temperature. The reaction mixture was filtered off and the filtrate was concentrated under a vaccum. The oily residue was then subjected to SiO2 column chromatography eluted with hexane/ethyl acetate (80/1) to give pure cholesteryl ester as a colorless solid in the yields of 87 -90%. The impurities could not be recognized in these esters by HPLC analysis.
Synthesis of regioisomeric methyl hydroxystearates for authentic specimens
A solution of methyl ester of fatty acid (4 mmol) and hematoporphylin (6 mg) in pyridine (20 mL) was irradiated by a 200 W tungsten lamp under bubbling of O2 gas through a glassball filter for 1 -1.5 h at 15˚C. The reaction mixture was then poured into ice-water and extracted with peroxide-free diethyl ether twice. The organic solvent was washed with cold water, 2 M HCl and water, successively, and dried over Na2SO4. After evaporation of the solvent, the residue was subjected to SiO2 column chromatography (hexane/ethyl acetate = 10/1). The hydroperoxides from methyl oleate were dissolved in ethyl acetate/benzene (1/1), and the solution was stirred under a H2 atmosphere in the presence of catalytic amounts of PtO2 at room temperature for 6 -10 h. After removing the catalyst by suction, the filtrate was evaporated and the residue was subjected to SiO2 column chromatography (hexane/ethyl acetate = 8/1) to give two fractions. The first and second fractions gave methyl 10-hydroxystearate and methyl 9-hydroxystearate, respectively. Methyl 13-hydroxystearate was prepared as follows. The mixture of hydroperoxides from methyl linolenate was again subjected to SiO2 column chromatography (hexane/ethyl acetate = 15/1). The first fraction was subjected to catalytic hydrogenation (described above) to yield methyl 13hydroxystearate as a sole product. Methyl 15-and 16hydroxystearates were prepared after the catalytic hydrogenation of hydroperoxides from methyl linolenate, and were purified by separation with SiO2 column chromatography (hexane/ethyl acetate = 10/1). Methyl 12-hydroxystearate was synthesized by the catalytic hydrogenation of methyl ricinoleate as described above. The structures of these hydroxystearates were confirmed by their mass spectra after conversion into silyl ether derivatives, as follows. The hydroxystearate (each 10 µg) was dissolved in CH3CN (50 µl) containing 20% of dimethylethyl-silylimidazole and heated at 60˚C for 40 min in a sealed sample tube. One microliter of this reaction mixture was injected to GCMS. The mass spectra of these ethers showed the characteristic ion peaks by the α-fission of alcohol, as shown in Table 1 .
Hydroperoxidation of cholesteryl esters
The hydroperoxidation of cholesteryl esters was carried out as described above, and the products were subjected to SiO2 column chromatography eluted with hexane/ethyl acetate (15/1) to give two fractions. The less-polar fraction contained products with a hydroperoxy group on the cholesterol ring, 5and 7-hydroperoxycholesteryl esters (10 -20 mg). 1 H-NMR spectral data of these compounds are listed in Table 2 .
The polar fraction gave a mixture of regioisomeric hydroperoxy-fatty acid esters (1.0 -1.2 g) of which the hydroperoxy groups were located in the acid side chains. These were further divided into several fractions by SiO2 column chromatography for a structure determination.
Reduction of hydroperoxy-fatty acid esters into hydroxystearates and allyl alcohols
Hydroperoxy-fatty acid esters were subjected to catalytic hydrogenation as described above. The esters were then heated to reflux in 2 M-methanolic KOH for 20 min. The reaction mixture was concentrated and dissolved in H2O. The aqueous solution was acidified with 2 M HCl and extracted with ethyl acetate. The extract was washed with water and dried over Na2SO4. After evaporating the solvent, the crude acids were treated with diazomethane-ether to give isomeric methyl hydroxystearates.
Sodium borohydride (NaBH4) was added to an ice-cold stirred solution of the hydroperoxy-fatty acid esters in an appropriate volume of methanol/dichloromethane (3/1). After the reaction mixture was stirred for 30 min at 0˚C, few drops of acetic acid were added to decompose any excess NaBH4. The reaction mixture was concentrated and the residue was extracted with ethyl acetate. The organic layer was washed with water and dried over Na2SO4. After evaporation of the solvent, the crude product was purified by a SiO2 column eluted with hexane/ethyl acetate (8/1) to give isomeric colorless allyl alcohols.
Results and Discussion

Photo-oxidation of fatty acid methyl esters
The hydroperoxidation of fatty acids, such as oleic, linoleic and linolenic acids, by photosentitized oxidation gave a mixture of regioisomers of hydroperoxides; their regioisomers have already been determined and identified. 10, 11 A recent study also showed the presence of several regioisomers of cholesteryl linoleate hydroperoxides in human blood. 20 clearly established. In this study, hematoporphylin was used as a photo-sensitizer for generating cholesteryl ester hydroperoxides. Prior to the hydroperoxidation of cholesteryl esters, we investigated the reaction conditions using fatty acid methyl esters (oleic, linoleic and linolenic acid methyl esters) as substrates. An HPLC analysis of the above-mentioned photo-oxidized products showed that hydroperoxidation was subjected at 9-and 10positions of methyl oleate, at 9-, 10-, 12-and 13-positions of methyl linoleate and at 9-, 10-, 12-, 13-, 15-and 16-positons of methyl linolenate, and the results were identical to those of reported data. 10, 11 These hydroperoxides were converted into methyl hydroxystearates and used as authentic specimens for the determination of regioisomers of following hydroperoxides from cholesterol esters.
Photo-oxidation of cholesteryl esters
It is expected that cholesteryl fatty acid esters are also subjected to hydroperoxidation to give cholesteryl esters of the above mentioned-regioisomeric fatty acid hydroperoxides under the present reaction conditions. Moreover, singlet O2 may also attack the double bond of the cholesterol ring to give hydroperoxycholesterol esters of fatty acids. To clarify the regioisomers of hydroperoxides from three cholesteryl esters (cholesteryl oleate: C18-1, cholesteryl linoleate: C18-2, and cholesteryl linolenate: C18-3), photosensitized hydroperoxidation reactions for these esters were performed and their products were investigated.
The reactions were carried out under the conditions described in the experimental part and the reactions were monitored by thin-layer chromatography (TLC) until the hydroperoxides were recognized as major spots (Fig. 1) . The prolonged reaction time caused the formation of more polar by-products (probably dihydroperoxides), which were not investigated in this study. After the reaction, the mixture of hydroperoxides was divided to two fractions by SiO2 column chromatography. The less-polar products were formed by oxidation of the cholesterol nucleus at the C5-and C7-positions, and the polar products were cholesteryl hydroperoxy-fatty acid esters produced by oxidation at the olefinic positions in the fatty acid chain.
Initially, the structures of the former products are described in this section. The structures of the cholesterol ring oxidized hydroperoxides, 5-hydroperoxy-and 7-hydroperoxy-cholest-6en-3-ol esters, were determined by their 1 H-NMR spectra. The signals of olefinic protons of the fatty acid chain appeared at 5.3 -5.4 ppm having proton numbers equivalent to the corresponding substrates.
5-Hydroperoxycholest-6-en-3-ol esters showed the signals of olefinic protons of a ∆ 6 -double bond in the cholesterol ring at around 5.6 and 5.8 ppm as a doublet. Hence, 7-hydroperoxy-cholest-5-en-3-ol esters showed signals at the C6-olefinic proton and the C7-protons of cholesterol at 5.73 and 4.14 ppm, respectively. Although the formation mechanism of these hydroperoxides was not clear, it has been reported that 5-hydroperoxycholesterol produced by the photosensitized oxidation rearranges to 7hydroperoxycholesterol; 21 it is therefore considered that the formation of the above 7-hydroperoxycholest-5-en-3-ol esters is a result of the rearrangement of the 5-hydroperoxycholest-6-en-3-ol esters under the reaction conditions. As evidenced, the formation of the 7-hydroperoxy isomer decreased when the reaction time was shortened. However, the formation rate was negligibly small compared with the oxidation in the fatty acid chain described below.
The polar fraction (the second fraction) contained regioisomeric cholesterol hydroperoxy-fatty acid esters. Figures 2a, 2b and 2c show HPLC chromatograms of the second fractions from C18-1, C18-2 and C18-3, respectively, detected at 205 nm. Because of the "ene-type" reaction mechanism by singlet O2 for the double bond, 22, 23 these products were considered to be 9-, 10isomeric hydroperoxides (Fig. 2a ), 9-, 10-, 12-, 13-isomers ( Fig. 2b ) and 9-, 10-, 12-, 13-, 15-, 16-isomers (Fig. 2c ). Within these regioisomeric hydroperoxides, those isomers having a conjugated system should undergo absorption at longer 1025 ANALYTICAL SCIENCES OCTOBER 2000, VOL. 16 wavelengths. Figures 3a and 3b also show HPLC chromatograms of the second fractions from C18-2 and C18-3, respectively, detected at 233 nm, indicating presence of a conjugated system. In order to examine the identification of each peak, these hydroperoxides were then converted into saturated hydroxystearates, and their structures (positions of the hydroxyl group) were determined by mass spectrometry (Table 1) .
Initially, a mixture of 9-and 10-hydroperoxides from C18-1 ( Fig. 2a ) was again chromatographed, and the eluate was divided to two fractions. The first fraction contained two isomers (peak 1 and peak 2 in Fig. 2a ) in a ratio of 1:1; however, the second fraction contained the isomer (peak 2) as a major component. The second fraction was then hydrogenated in the presence of PtO2, and the major and minor isomers were easily separated by SiO2 column chromatography. These isomers were then hydrolyzed and treated with diazomethane to yield methyl hydroxystearates. The mass spectrum of the major methyl hydroxystearate corresponding to peak 2 in Fig. 2a showed the typical ion peaks at m/z 243 and m/z 273 based on the α-cleavages of 9-hydroxystearate after conversion into dimethylethylsilyi ether, as shown in Fig. 4 and Table 1 . Another minor methyl hydroxystearate derived from peak 1 in Fig. 2a showed characteristic ion peaks at m/z 229 and m/z 287 of 10-hydroxystearate in its mass spectrum. Thus, peak 1 and peak 2 in Fig. 2a were determined as 10-isomer and 9-isomer, respectively.
Next, peak identification in Fig. 2b was carried out. The mixture containing 9-, 10-, 12-and 13-isomers from C18-2 was separated into two fractions by SiO2 column chromatography. The less-polar fraction contained two isomers (peak 1 and peak 2 in Fig. 2b ) and the polar fraction contained two other isomers (peak 3 and peak 4 in Fig. 2b) . The isomers in less-polar fraction were converted into methyl hydroxystearates in the same manner as described above. After their conversion into dimethylethylsilyl ethers, a GCMS analysis of the abovementioned mixture was carried out. The above ethers were separated and their mass spectra showed typical ion peaks of 12-isomer (m/z 201 and 315) and 13-isomer (m/z 183 and 329) by a GCMS analysis ( Table 1 ). The two isomers (peaks 3 and 4 in Fig. 2b ) in the polar fraction were subjected to a catalytic hydrogenation and the products were separated by SiO2 column chromatography. Each product was converted into methyl hydroxystearate after hydrolysis and a treatment with diazomethane, as described above. Their mass spectra showed the typical ion peaks of the above 9-and 10-isomers. Therefore, peaks 1 and 4 having a conjugated system (see Fig. 3a ) were identified as 13-hydrperoxide and 9-hydroperoxide, respectively ( Figs. 2b and 3a) . Peaks 2 and 3 in Fig. 2b were also identified as the 12-isomer and 10-isomer, respectively.
Finally, the identification of the peaks in Fig. 2c , which were derived from C18-3, were further investigated. A mixture of 9-, 10-, 12-, 13-, 15-and 16-isomers was separated into four fractions by SiO2 column chromatography. The first fraction contained two isomers as the major components corresponding to peaks 1 and 2 in Fig. 2c , and the isomer as the minor component corresponding to peak 3 in Fig. 2c . All three isomers showed absorbance at 233 nm, indicating the presence of a conjugated system (see Fig. 3b ). These were converted into methyl hydroxystearates in the same manner as described before and the minor component was easily separated by SiO2 column chromatography. Its mass spectrum showed characteristic fragment ion peaks of 16-hydroxystearate at m/z 145 and 371 after conversion into a dimethylethylsilyl ether derivative. Thus, peak 3 was determined as the 16-isomer. However, the second fraction contained isomers corresponding to peaks 2 and 3 in Fig. 2c as major components. After the same conversion as that described above, peak 2 was determined as the 12-isomer by GCMS analysis. The third fraction, which contained the isomer corresponding to peak 4 with a small amount of the 16isomer (peak 3) gave methyl 15-hydroxystearate as a major product. The mass spectrum of its silyl ether also showed the characteristic fragment ion peaks at m/z 159 and m/z 357, as shown in Fig. 4 and Table 1 . The last fraction contained two isomers correspond to peaks 5 and 6 in Fig. 2c . These isomers were converted into methyl hydroxystearates, as described before, and two iosmeric stearates were separated by SiO2 column chromatography. These structures were determined as 9-and 10-hydroxystearates by their mass spectra after conversion into silyl ethers. Peak 6 in Fig. 2c absorbed at 233 nm, which indicated the presence of a conjugated system of the 9-hydroperoxyisomer. Thus peaks 1, 2, 3, 4, 5 and 6 in Fig. 2c were identified as the 13-, 12-, 16-, 15-, 10-and 9hydroperoxides, respectively.
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Quantitative study of isomers
The determinations of the structures and identifications of the peaks in the HPLC chromatograms of regioisomeric hydroperoxides were carried out as described above. However, the quantitative determinations of these isomeric peroxides were somewhat difficult, since efficient separation of each isomer was not established.
In order to obtain a quantitative determination of each isomer, we further tried to separate these isomers after their conversion into allyl alcohols by the reduction with NaBH4. Figure 5 shows the HPLC separation of the reduced products (allyl alcohols) of regioisomeric hydroperoxides. Table 3 shows the k′-values of isomeric hydroperoxides and their reduced products (allyl alcohols). The separation of each isomer was improved compared with that of the peroxides. In addition, there was no change in the elution order of each isomer. The relative generation rate of each isomer was determined to be 45.8:54.2 for 9-and 10-isomer from C18-1, 33.3:18.7:16.9:31.1 for 9-, 10-, 12-and 13-isomers from C18-2 and 17.7:14.5:16.1:16.3:20.9:14.5 for 9-, 10-, 12-13-, 15-and 16-isomer from C18-3. These results were almost identical with the generation rate of the isomers by the hydroperoxidation of fatty acid methyl esters previously reported. 10, 11 It is considered that the existence of cholesterol does not affect the fatty acid oxidation. However, it is estimated that the existence of the unsaturated fatty acid side chain suppressed the direct oxidation of the cholesterol moiety.
Conclusion
In the present study, the regioisomeric hydroperoxides produced from cholesteryl esters by photosensitized oxidation were determined. The results indicated that the cholesterol esters are also oxidized as well as fatty acids by photosensitized oxidation, and that the C-5 and C-7 positions of cholesterol ring are subjected to hydroperoxidation; however, the formation rate of hydroperoxycholestrols was very low. The other productions of hydroperoxides of cholesterol esters by auto-oxidation, such as a radical initiator and/or Cu 2+ assisted oxidation, are also interesting. A recent study showed the existence of 9-and 13isomer of cholesteryl linoleate hydroperoxide in serum.
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ANALYTICAL SCIENCES OCTOBER 2000, VOL. 16 Table 2 1 H-NMR spectral data of isomeric hydroperoxycholesteryl fatty acid esters from C18-1, C18-2 and C18-3 produced by the photosensitized oxidation a a. Measured in CDCl3. b. The signals of 6 and 7 are not definitive. The signals of 21-, 26-, 27-methyl protons in cholesterol ring and the terminal methyl protons in fatty acid side chain of the above compounds were complicatedly overlapped to each other at 0.8 -0.95 ppm. Table 3 k′-values of isomeric hydroperoxides and their reduced products (allyl alcohols) a. t0 = 1.98 min. b. Isomer produced from cholesteryl ester as indicated in the parenthesis.
5-Hydroperoxyisomer
k′-value a
Isomer Hydroperoxide Allyl alcohol 9-isomer (C18-1) b 6.5 10.7 10-isomer (C18-1) 6.2 9.7 9-isomer (C18-2) 7.3 10.2 10-isomer (C18-2) 6.7 8.1 12-isomer (C18-2) 5.1 6.0 13-isomer (C18-2) 4.6 5. However, sufficient knowledge has not been obtained concerning the other peroxide isomers. Other esters may also similarly receive oxidation by the free singlet O2 generated in vivo. Therefore, there seems to be significance in examining the separation of these peroxide isomers. It is considered that the present study brings about basic knowledge in the research of lipid peroxidation. A further investigation is now in progress in our laboratory.
